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SUMMARY

NACA 6i-series airfoil sections of 32- and 40-percent-chord thick-
negs ratio have been derived and an investigation was made to determine
the effect of boundary-layer control by means of suction through a slot
at 0.60 airfoil chord on the pressure distribution, 1ift, and drag char-
acteristics of the NACA 64,2-432 and 64,3-440 airfoil sections. The
effect on the section aerodynamic characteristics of boundary-layer con-
trol by means of a slot at 0.50 airfoll chord and by means of area suc-
tion from 0.55 airfoll chord to 0.7l airfoil chord was also investigated
for the NACA 64,3-L40 airfolil. An analysis was made to determine whether
the maximim 1ift-drag ratio and the aspect ratio for maximm lift-drag
ratio could be increased by the use of thick airfoils and boundary-layer
control on structurally feasible wings. The section data presented and
employed in the analysis were obtained with standard roughness applied
to the leading edges of the models. This roughness was probably more
severe than that likely to be encountered on practical aircraft under
normal operating conditions; therefore, the drag coefficients measured
both with and without boundary-layer control may be somewhat high as
compared with practical flight values.

The results indicate that substantial reductions in the wake drag
were obtained through a wide range of 1ift coefficient with relatively
moderate flow coefficlents and pressure-loss coefficients. The minimm
total-drag coefficients (including the drag coefficients of the suction
power) for the 32- and 40-percent-thick sections in the rough surface
condition were 0.017 and 0.028, respectively. With the results obtained
for the 32- and 40-percent-thick sections together with the data which
are avallable in the literature the characteristics of a number of
hypothetical wings were calculated. These calculations indicate that,
by the use of boundary-layer control, the maximum obtainable lift-drag
ratio of structurally feasible wings may be increased by as much as
13 percent for the wing alone and as much as 20 percent for the wing -
with a parasite drag coefficient of 0.015 added. The calculations were
made from section data for the rough-leading-edge condition; therefore,
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the posgible gains indicated do not depend on the attaimment of exten-
sive laminar layers.

INTRODUCTION

The use of wings of high aspect ratio with resulting low induced
drag coefficients would appear to be one means of increasing the 1ift-
drag ratio of an airplane. For structural reasons, however, the root
sectlon must increase in thickness ratio with aspect ratlo and, for
root-gsection thickness ratios in excess of some critical value, the
profile drag increases more rapidly with aspect ratio than the induced
drag decreases; thus, the maximum 1ift-drag ratio obtainable by this
means is limited. For exmmple, reference 1 shows that, for wings having
a ratio of root chord to tip chord of 2.5 and a ratio of span to root
thickness of 35, increasing the aspect ratio beyond 12 results in a
decrease in the maximum lift-drag ratio due to the increased profile
drag of the thick root sections. The large drags of the thick airfoill
sections are primarily a result of separation of the turbulent boundary
layer from the rearward parts of the airfoil.

Boundary-layer control by means of a single midchord suction slot
has been found to be quite effective in delaying trailing-edge separa-
tion and thereby increasing the maximum 1ift coefficilent and decreasing
the drag coefficient of many airfoil sections. (See, for example, refer-
ences 2 to 7.) For this reason, it was believed that, by the use of
airfoils of 32- to LO-percent chord in ‘thickness together with boundary-
layer control, some of the improvements in lift-drag ratio associated
with high aspect ratios might be realized on structurally feasible wings.
Airfoil sections of 32- and 40-percent-chord thickness ratio were
accordingly derived and models of these sections were bullt and tested
with and without boundary-layer control in the Langley two-dimensional
low-turbulence tumnnels to obtain the 1ift and drag characteristics.

Most of the tests were made with standard leading-edge roughness applied
to the surfaces of the models. This roughness was probably more severe
than that likely to be encountered on practicael aircraft under normal
operating conditions; therefore, the drag coefficients measured both
with and without boundary-layer control may be somevwhat high as compared
with practical flight values. However, the results obtained for the
rough-leading-edge condition are believed to be more nearly comparable
with practical flight values than are results cobtained for the aerody-
namically smooth condition.

The results of the wind-tunnel investigation of these models are
presented and, together with the data presented in references 2 to 7,
are analyzed to determine the effect of boundary-layer control and
increased aspect ratio on the lift-drag ratio of a series of structurally
similar wings of various taper ratios.
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SYMBOLS
cy section 1ift coefficient (1/qqc)
1 section 1ift, pounds
c airfoil chord, feet

dynamic pressure, pounds per square foot (QV2/2)

v velocity, feet per second
v local velocity, feet per second
P _ mass density, slugs per cubic foot
R free-gtream Reynolds number based on airfoil chord
cq section profile-drag coefficient (d/qqc)
d section drag, pounds
cgy, equivalent blower section drag coefficient (CqCp)
Cdm section total-drag coefficient Gd_ + Jp Cg.
Tp B
Cq flow coefficient (Q/Vcs)
Q volume rate of flow, ‘cublc feet per second
8 span of boundary-layer control slot or porous material, feet
Cp pressure-loss coefficient <§Qai;gé>
H total pressure, pounds per square foot
Tp efficiency of main propulsive unit
b efficiency of boundary-layer~control blower and ducts
A aspect ratio (b2/sw)
Sy wing area, square feet
Avg, increment of local veloclity caused by additional type of load

distribution, feet per second
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b wing span

L wing 1ift, pounds

D wing drag, pounds

L/D wing lift-dreg ratio

Qo section. angle of attack, degrees

A taper ratio (cy/c.)

X distance along chord from leading edge, feet
N perpendicular distence above chord, feet

S pressure coefficient (?Qa§¥%>

P local static pressure, pounds per square foot
Subscripts:

max maximim conditions

b duct conditions

o free-stream conditions

t wing tip

r wing root

DERTVATION OF ATRFOIL. SECTIONS

The first attempt to derive 6li-series airfoils of 32- and 4O-percent
thickness consisted merely in a linear scaling of the same V¥ and ¢
values employed in reference 8 to derive the related 64-series sections
of different thickness ratio. The resultant airfoils were found, how-
ever, to have extremely high values of the peak negative pressure coef-
ficient on the basic thickness form at zero 1ift. The ¥ and ¢ values
were, therefore, modified to reduce the negative pressure coefficlent and
thus to increase the critical speed. The theoretical pressure distribu-
tions and ordinates for the resultant airfoils, designated NACA 6k4,2-032
and NACA 6k4,3-040, are given in figures 1 and 2.
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Both airfoil sections were cambered to have design 1ift coefficients
of 0.4. The conventional a = 1.0 mean line (reference 8) was employed
in cambering the NACA 64,2-032 airfoil section. Because of the large
slope of the mean line near the leading edge and the magnitude of the
ordinates of the symmetrical airfoil near the leading edge, however,
the resultant cambered section appeared to have a flat spot at the
leading edge. For this reason, the 40-percent-thick section was cambered
with an a = 1.0 mean line which was modified near the leading edge so
that the slope would be reduced. The forward 15 percent of the a = 1.0
mean line was replaced by a polynomial of the form:

Yy = a8y + aqx + a2x2 + a3x3

where the coefficients (ag, a1, an, and a3) were determined by the
mean-line ordinates at the zero and 15-percent-chord stations and by the
first and second derivatives of the a = 1.0 mean line at the 15-percent-
chord station. The ordinates of the a = 1.0 mean line are given by

the expression ‘

y = -Eﬁ[21 - x) loge(l - x) + x loge %]

where c3; 18 the design 1ift coefficient. The ordinates for the
cambered airfoils which are designated NACA 6k4,2-432 and NACA 64,3-L4ho,
a =1.0 (modified) are given in tables T and II.

APPARATUS AND TESTS

Wind tunnel.- The tests were conducted in the two Langley two-
-dimensional low-turbulence tunnels. The test sections of the two tunnels
are similar and are 3 feet wide and 7.5 feet high. The models completely
spanned the 3-foot-wide test section so that two-dimensional flow would
be obtained. Lift measurements were made by taking the difference
between the integreted pressure reaction upon the floor and ceiling of
the tunnel, and profile-drag measurements were obtained from surveys
of the momentum defect in the wake. A more complete description of the
tunnels and the methods of obtaining and reducing the data are given in
reference 9.

Models.- The 2-foot-chord models of the NACA 64,2-432 and 6k,3-440

airfoll sections were constructed of chordwise-laminated mahogany
according to the ordinates presented in tables I and II, respectively.
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A sketch and a photograph of the NACA 64,2-432 airfoil section showing the
0.016c slot at the 0.60c position are shown in figures 3 and 4. The
NACA 64,3-440 airfoil section was tested with three separate suction
configurations: a single suction slot located at 0.50c (fig. 5), a
single suction slot located at 0.60c (fig. 5), and area suction.provided
by means of a porous material (sintered bronze) on the upper surface
extending from 0.55c to 0.7lc (fig. 6). The porosity of the sintered-
bronze material was such thet, with air at standard conditions, a
pressure drop of 0.032 pounds per square inch across the material
resulted in a velocity of 1.0 foot per second normal to the surface.

The flow through the material varied directly with the pressure drop,

a condition that is characteristic of flow through dense filters.

The duct within the models (figs. 3 to 6) was connected to the
inlet of a varisble-speed blower by means of a pipe line containing an
orifice meter for measuring flows. Loss of total pressure through the
slot or porous material was taken to be the difference between free-
stream totsl pressure and the pressure within the duct measured by a
flush-type orifice in the end of the model duct opposite to that fram
which the air was removed. For the rates of flow involved, the
velocities in the duct of the model were sufficiently low so that the
pressure thus measured may be assumed equal to the total pressure.

Tests.- The models were first tested, prior to installation of the
slot, without boundary-layer control in the aerodynamically smooth
condition and with standard leading-edge roughness. The roughness
employed consisted of 0.0ll-inch carborundum grains spread over a
surface length of 0.08c back from the leading edge on both upper and
lower surfaces of the models. The grains were spread to cover from
5 to 10 percent of the included area.

A review of the available data on boundary-layer control indicated
that, in order for a single suction slot to be most effective in
reducing the drag, it should be located near the point where separation
occurred without boundary-layer control. From experimental pressure-
distribution measurements at the design 1ift coefficient in both the
smooth and rough conditions, separation was found to occur on the upper
surface at approximately 0.50c on the NACA 6k4,3-440 airfoil section and
0.60c on the NACA 6L4,2-432 airfoil section. Both airfoil sections were
tested at a Reynolds number of 2.2 X 106 with a suction slot at 0.60c
and with flow coefficients ranging from O to 0.038. Most of the tests
were made with the model in the rough condition, which is believed to
be more representative for wings of practical comstruction. In addition,
in order to evaluate the effect on the section 1ift and drag character-
istics of varying amounts of suction together with such variables as slot
location, roughness, and area suction or suction through a single slot,
the NACA 64,3-4h0 airfoil section was tested with the following
configurations and Reynolds numbers:
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(1) In the smooth cond%tion with a suction slot at 0.60c and a
Reynolds number of 2.2 X 10 o

(2) In the ro condition with the slot at 0.50c and a Reynolds
number of 3.0 X 10

(3) In the rough condition with a porous upper surface from 0.55c
to 0.7lc at a Reynolds number of 2.2 X 106

All tests were made for various flow coefficients from O to a
maximum of 0.020 to 0.025 depending on the configuration. Most of the
tests were run at a Reynolds number of 2.2 X 106 and a Mach number
of 0.15. The remainder of the tests were run at a Reynolds number
of 3.0 X 106 at a pressure of 2 atmospheres absolute and a Mach number
of 0.10.

RESULTS AND DISCUSSION

The discussion of the results is presented in two parts. The flrst
part is a discussion of the data obtained from tests of the NACA 6k4,2-432
and 64,3-440 airfoil sections, and the second part is an .evaluation of
the effect of boundary-layer control on the aspect ratio for maximum
lift-drag ratio and on the maximum lift-drag ratio of several hypothetical

wings.

Airfoil-Section Data

Experimental pressure distributions obtained for the two airfoils
both with and without boundary-layer control are compared with the
theoretical distributions in figures T and 8. The basic aerodynamic
data, that is, 1ift, drag, and pressure losses, obtalned in the wind-
tunnel investigation are presented in coefficient form in figures 9
to 13 for each of the configurations investigated. The section 1ift
and pressure-loss coefficients are presented as functions of the section
angle of attack and the drag coefficients as functions of the section
1ift coefficient.

The drag data obtained for the two alrfoil sectlions are presented
as section profile-drag and section total-drag coefficients for all
configurations. The section profile-drag coefficient as determined by
measuring the momentum defect in the wake indicates the effectiveness
of boundary-layer control in reducing the external drag; it does not,
however, provide an adequate means of judging the over-all effectiveness
of boundary-layer control because no account is taken of the boundary-
layer-control suction power. For this reason, the total drag, which is
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the sum of the wake drag and the drag equivalent of the suctlon power
(CpCq), isvalso given. This method of accounting for the suction power
has been shown to be valid (reference 6) if the efficiency of the
boundary-layer control system is the same as the efficiency of the main

propulsive system.

Pressure distribution.- The theoretical and experimental pressure
distributions for the NACA 64,2-432 and 6k4,3-440 airfoil sections at
angles of attack of 0° and 4° 3 respectively, are presented in figures T
and 8. The data presented show that, for the smooth condition without
+ boundary-layer control, there is very little separation on the upper
gsurface of the NACA Ak4,2-432 airfoil section and that the experimental
and theoretical pressure distributions are in fairly good agreement.

The experimental pressure distribution for the NACA 6k4,3-440 airfoil
section at ay = 4° (fig. 8) shows, however, a separated region at the
trailing edge and, as a result, the experimental and theoretical pressure
distributions differ appreciably The application of leading-edge
roughness increased the trailing-edge separation on both airfoll sections
with a corresponding increase in the difference between the experimental
and theoretical pressure distributions (figs. 7 and 8). The use of
boundary-layer control eliminates trailing-edge separation at low angles
of attack for both sections and, as a result, the experimental pressure
distributions with boundary-layer control are in good agreement with the
theoretical distributions except for the discontinuity at the slot.

The critial Mach number as determined from the theoretical pressure
distribution for a 1lift coefficient of 0.4 is 0.527 and 0.462 for the
NACA 6k4,2-432 and 6k4,3-440 airfoil sections, respectively, and, therefore,
these sections would be most applicable to relatively low-speed alrplanes.

Lift.- The NACA 64,2-432 and 6k,3-440 airfoil sections have theo-
retical design 1ift coefficients of 0.4. The corresponding design angles
of attack are 0° for the 32-percent-thick section and a value slightly
different from 0° for the L4O-percent-thick section. The difference in
the design angle of attack for the two sections results from the modi-
fications made to the a = 1.0 mean line employed in the L4O-percent-
thick section. Because of the trailing-edge separation which occurs
even at low angles of attack on sections of such extreme thickness in
the rough condition, the 1ift coefficient is negative at o° angle of
attack and the slope of the 1lift curve is quite irregular for both
sections (figs. 9 and 10). The use of boundary-layer control, which
delays turbulent trailing-edge separation, results in a more normal
curve and, as the suction flow is increased, the near-linear part of
the 1ift curve is extended to higher angles of attack with resultant
increases in maximum 1ift coefficient. This effect of increasing suction
on the maximum 1ift coefficilent is more clearly shown in figure 1lk(a)
where the maximum 1lift coefficient has been plotted as a function of
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flow coefficient for the NACA 6k4,2-432 and 64,3-440 airfoil sections in
the rough condition. Figure 14(a) shows that, for the NACA 6L4,2-432
airfoil section, a flow coefficlent of approximately 0.003 is required
before boundary-layer control becomes an effective means of increasing
the maximum 1ift coefficient. From this point the maximum 1ift coef-
ficient increased with increasing flow and reached a meximum of 2.57 at
a flow coefficient of 0.038. The NACA 6k4,3-440 airfoil section required
a flow coefficient of approximately 0.008 for boundary-layer control to
become effective in increasing the maximm 1ift. From this point, the
meximum 1ift coefficlent increased with flow coefficient up to the
maximm flow (CQ = 0.032) availaeble with the test equipment at which
point a value of 3.49 was attained for the maximum 1ift coefficient.
Thus, the maximum 1ift coefficient available with boundary-layer control
Increases with thickness ratio. This conclusion is in agreement with
that of reference 3.

Drag.- The extensive region of trailing-edge separation, which was
present on both models in the rough condition without suction, resulted
in drags which were so large and erratic that they could not be measured
with the equipment avallable. With boundary-layer control and the
resultant delay in turbulent separation, however, the wake drag was
sufficiently reduced to allow reliable measurement of the profile drag
to be made. These measurements, which are presented in figures 9 to 13,
indicate that the use of boundary-layer control 1is quite effective 1n
reducing the wake drag and in maintaining low drag coefficients up to
relatively high 1ift coefficlents. As previously stated, the profile
drag does not account for the boundary-layer-control suction power and,
therefore, the total drags are also presented in figures 9 to 13. A
comparison of the data presented in these figures with the data of
reference 8 shows that, although the total-drag coefficients of the 32-
and 40-percent-thick sections in the rough condition are large (the
minimum values of the total drag coefficients are 0.017 and 0.028,
respectively), they are not excessive for airfoil sections of such
extreme thickness. The maximum ratios of section 1ift to total drag as
determined from the data of figures 9 and 10 are presented in figure 15
a8 a function of flow coefficient. The maximum ratio of 1ift to total
drag is approximstely 59 for the NACA 64,2-432 airfoil and 42 for the
NACA 6k4,3-440 airfoil section (see fig. 15). These maximm lift-drag
ratios which occur at 1ift coefficients of 1.5 and 1.1h, respectively,
are comparable to sectlon 1lift-dreg ratios of much thinner sections with
standard roughness (see reference 8) but occur at higher 1lift
coefficients.

The data for the pressure loss through the suction slot used in
calculating the drag equlvalent of the boundary-layer-control suction
power are presented in figures G to 12 in coefficient form and show that,
for flow coefficients greater than sbout 0.02, the pressure loss increases
replidly with flow. Since the suction slots of these models were designed

e~ ——— e = e
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for flow coefficients of 0.01 or less, it is likely that a more carefully
designed slot and ducting system would result in less pressure loss.

Any reduction in pressure loss thus accomplished would appear as &
decrease in the total drag.

Effect of surface condition.- The effect of leading-edge roughness
on the NACA 64,3-LL0 airfoil section was evaluated by comparing the
section characteristics as presented in figures 10 and 11 for the rough
and smooth condition, respectively. Figure 11 shows that the lift-curve
glope for the smooth airfoil without suction 1s consliderably less than
the theoretical value of 0.15 and that the addition of leading-edge
roughness (fig. 10) decreases the slope even more and increases the
angle of zero 1ift. The data of figures 10 and 11 indicate that, in
the leading-edge rough conditlon, suction becomes an effective means
of increasing the slope of the 1lift curve of the section at much lower
flow coefficients than in the smooth condition; however, for flow
coefficients of 0.0l or more, the effect of roughness becames slight
and the slope of the 1ift curve approaches the theoretical value of 0.15
for both the smooth and rough condition. For the higher flow coefficients,
the effect of leading-edge roughness on the maximum 1ift coefficient is
negligible (see fig. 1k4(b)).

The addition of leading-edge roughness increases the wake drag at
low suction flow coefficients (Cq < 0.02) (figs. 10 and 11) but, for
flow coefficlents of 0.02 or more, the roughness effect on the wake drag
is negligible. As a result of the increased slot pressure loss with
leading-edge roughness, however, the total-drag coefficients are increased
for all flow coefficients by the addition of leading-edge roughness
(figs. 10(b) and 11(b)).

Slot position.- The effect of slot position on the 1ift and drag
characteristics of the NACA 64,3-440 airfoll section with leading-edge
roughness i1s shown by the data presented in figures 10 and 12 which are
for the slot at 0.60c tested at a Reynolds number of 2.2 X lO6 and for
the slot at 0.50c tested at a Reynolds number of 3.0 X 106, respectively.
The effect of the slight difference in Reynolds number of the two tests
is believed to be negligible. From the data presented in figures 10,

12, and 14(c) it is seen that, for flow coefficients less than 0.02,
suction at 0.50c was more effective in increasing the lift-curve slope
and meximum 1ift coefficient than at 0.60c, and suction at 0.60c was
more effective in reducing the minimum wake and total drag coefficlents
for the range of flow investigated; however, as a result of the ldrger
maximum 1ift coefficients attained with the 0.50c-slot position, the
maximm retios of section 1lift to total drag, for the two slot positioms,
are approximately equal. The maximm ratio of section 1lift to total drag
is 42 for the 0.60c-slot position and 41 for the 0.50c-slot position

(see figs. 10 and 12). ‘
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Area suction.- Tests of the NACA 6k,3-440 airfoil section with
standard leading-edge roughness and with area suction extending
from 0.55c to 0.7lc were made at Reynolds numbers of 2.2 X 106
(fig. 13). The density of the porous material and the capaclty of the
boundary-layer-control blower limited this investigation to a maximum
flow coefficient of 0.02. The data of figures 13 and 14(c) show that
the lift-curve slope and maximum 1ift values increase more reapidly with
small suction flow coefficients for the model with area suction than
with a single slot; however, as the flow coefficient exceeds 0.01,
suction at 0.50c becomes equally effective.

Pigures 10, 12, and 13 show that, for low flow coefficients, the
wake drag is less with area suction but, as a result of the large
pressure loss through the porous material, the total drag with area
suction 1s larger than for suction through a single slot at 0.50c
or 0.60c. Further investigations with a material of greater porosity
might result in lower total drag coefficients.

Effect of Boundary-Layer Control on Lift-Drag Ratio

As previously pointed out, the purpose in developing the airfoils
of 32- and 40-percent chord in thickness was to determine whether, with
the use of such airfolls together with boundary-layer control, some of
the improvements in lift-drag ratio associated with high aspect ratios
might be realized on structurally feasible wings. . The data presented
in the preceding discussion showed that boundary-layer control by
suction was effective 1n reducing the total-drag coefficient of
relatively thick airfoil sectlons and in increasing the section 11ft-
drag ratio particularly in the high lift-coefficient range. Increases
in the section 1lift-drag ratio in the high lift-coefficient range,
however, are not necessarily indicative of corresponding increases in
the 1lift-drag retio of structurally feasible wings employing these
sections. For this reason, the maximm lift-drag ratio has been
calculated for a number of structurally feasible wings of varying aspect
ratio and taper ratio. The wings investigated analytically varied in
aspect ratio from 5 to 25 and in taper ratio from 0.2 to 1.0. All of
the wings were considered to be untwisted, to have a tip-section thickness
ratio of 0.12, and to vary linearly in sbsolute thickness from root to
tip. A ratio of span to root thickness of 35 to 1 was chosen as being
representative of existing cargo-type airplanes. If, however, the value
of this ratio were increased, the maximum 1lift-drag ratio and optimum
agpect ratio would also increase for the wings both with and without
boundary-layer control. The root-section thickness ratio of a wing of
aspect ratio 20 and teper ratio 0.2 is then about 0.34c. The calcula-
tions of the maximum lift-drag ratio were made by the method of refer-
ence 10. The section date used in the calculations for the wings with
boundary-layer control, obtained from references 2, 3, 5, 6, T, and from




12 NACA TN 2405

the present paper, are presented in figure 16 in the form of total drag
coefficient against thickness ratio for different 1ift coefficients.

The section data for the wings without boundary-layer control are given
in reference 8. All calculations were made from data for the rough-
leading-edge condition. Since the roughness employed was probably more
severe than that likely to be encountered under normal operating condi-
tions, the calculated values of the maximum lift-drag ratio both with
and without boundary-lasyer control may be somewhat low as compared with
practical flight values. The drag equivalent of the boundary-layer con-
trol power was included in the calculations for the wings with boundary-
layer control. After the wing drag was calculated as a function of 1ift
coefficient for various combinations of aspect ratio and taper ratio,
the maximum wing .lift-drag ratio was found for the wing with and without
boundary-layer control and is presented in figure 17 as & function of
aspect ratio for the various taper ratios investigated. The wing 1lift
coefficient at which the maxdimum lift-drag ratio occurs is presented

in figure 18.

The results of the calculations, presented in figure 17, show
that, for the wings investigated, the lift-drag ratio was not appreciably
affected by the addition of boundary-layer control for aspect ratios of
less than about 6. As the aspect ratio was increased beyond 6, however,
the maximum lift-drag ratio of the wings with boundary-layer control
increased more rapidly with aspect ratio than did that of the wings
without boundary-layer control. This effect resulted in a maximum
lift-drag ratio of 30.1 at a 1ift coefficient of 0.9 and an aspect
ratio of 20 for the wing with a taper ratio of 0.2 and boundary-layer
control; whereas, without boundary-layer control, the maximm lift-drag
ratio was 26.6 at a 1ift coefficient of 0.5 and an aspect ratio of 12.
Thus, the wing with boundary-layer control has a maximum lift-drag
ratio which 1s approximately 13 percent greater than that of the wing
without boundary-layer control. It should be emphasized that this gain
does not depend on the possibility of obtaining any extensive laminar
layers and includes the drag coefficient equivalent of the power required
to operate the boundary-layer control. For the wings with and without
boundary-layer control, the maximum lift-to-drag ratio increases with
the taper ratio although the percentage increase in L/D due to
boundary-layer eontrol is not greatly affected by taper ratio for a
given aspect ratio. Figure 19 shows the maximm 1ift-drag ratio as a
function of aspect ratio for wings of various taper ratios both with and
without boundary-layer control with an increment of parasite drag coef-
ficient of 0.015 added to account for fuselage drag. Inspection of the
data shows that a 20-percent increase in maximum 1ift-drag ratio results
from the use of boundary-layer control in this case (that is, the use
of boundery-layer comtrol increases the maximum lift-drag ratio from 16.9
at a 1lift coefficient of 0.82 to 20.25 at a 1lift coefficient of 1.08 and
increases the aspect ratio for meximm lift-drag ratio from 12.4 to 21).
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The addition of a parasite drag coefficient of 0.015 also increases the
optimum 1lift coefficient for maximum lift-drag ratio (figs. 18 and 20)
and, from figures 17 and 19, the aspect ratio for maximum lift-drag
ratio is found to increase slightly. The increases in (L/D)payx due to

boundary-layer control are greater in the case for which allowance is
made for the parasite drag because the drag coefficlent at (L/D)pyy is

greater for the optimm wing with boundary-layer control than for the
optimum wing without boundary-layer control. Consequently, the addition
of a constant drag-coefficlent increment to both wings results in a
smaller percentage increase in the drag of the wing with boundary-layer
control,

CONCLUSIONS

NACA 6lh-series airfoils with thickness ratios of 32- and LO-percent
chord have been derived. Investigations have been made in the Langley
two-dimensional low-turbulence tunnels to determine the effects of
boundary-layer control by suction on the aerodynamic characteristics of
the NACA 64,2-432 and 64,3-440 airfoil sections. In addition, an
analysis was made to determine whether the maximum lift-drag ratio and
the aspect ratio for maximum 1ift-drag ratio could be increased by the
use of boundary-layer control on structurally feasible wings. The sec-
tion data presented and employed in the analysis were obtained with
standard. roughness applied to the leading edges of the models. This
roughness was probably more severe than that likely to be encountered
on practical aircraft under normal operating conditions; therefore, the
lift-drag ratios calculated from the section dats may be somewhat low
as compared with practical flight values. The results of these investi-
gations indicate the following conclusions:

‘1. Large reductions in the wake-drag coefficient were obtained
through a wide range of 1lift coefficlent on the 32- and L4O-percent-
thick sections with relatively moderate flow coefficients and pressure-
loss coefficients. The minimum total drag coefficients (including the
drag coefficient equivalent of the suction power) for the 32- and
4O-percent-thick sections in the rough surface condition were 0.017
and 0.028, respectively.

2. Wing characteristics as calculated from section data indicate
that, for wings having a ratio of span to root thickness of 35 and a
taper ratio of 0.2, the use of boundary-layer control increases the
meximum lift-drag ratio by 13 percent, that is, from 26.6 at a 1ift
coefficient of 0.5 to 30.1 at a 1ift coefficient of 0.9, and increases
the aspect ratio for maximum 1ift-drag ratio from 12 to 20. With a
parasite drag coefficient of 0.015 added to account for the drag of the
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fuselage, tail, and so forth, the use of boundary-layer control increases
the maximum lift-drag ratio by 20 percent, that is, from 16.9 at a 1lift
coefficient of 0.82 to 20.25 at a 1lift coefficient of 1.08, and increases
the aspect ratio for maximum 1lift-drag ratio from 12.4 to 21. These
gains are based on calculations obtained by using section data corre-
sponding to the rough surface condition and do not, therefore, depend

on the attainment of extensive laminar layers.

3. Maximum 1ift coefficients of 2.57 and 3.49 were obtained for
the 32- and 40-percent-thick sections without flaps for flow coefficients
of 0.038 and 0.032, respectively.

4, The critical Mach numbers of the 32- and L4O-percent-thick
sections as determined from the theoretical pressure distributions at
a 1ift coefficient of 0.4 were 0.527 and 0.462, respectively. These
sections would, therefore, have application to relatively low-speed,
long-range aircraft.

Langley Aeronautical ILaboratory
National Advisory Committee for Aeronautics
Langley Field, Va., November 30, 1950
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Figure 1.- Theoretical pressure distribution and ordinstes of the basic

thickness form of the NACA 64,2-032 airfoil section.
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Figure 2.- Theoretical pressure distribution and ordinates of the basic
thickness form of the NACA 64,3-040 airfoil section.
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Flgure 19.- Effect of espect reatio on the maximum lift-drag ratio of a
family of wings of various teper retios with and without boundary-
layer control and with a parasite-drag coefficlent of 0.015‘added.
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Figure 20.- Variation of optimum 1ift coefficient with aspect ratio for a
family of wings of various taper ratios with boundary-layer control
and with a parasite-drag coefficient of 0.015 added.
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